Abstract: Coastal freshwater aquifers are highly vulnerable to climate change and other anthropogenic environmental impacts. Therefore, managing coastal freshwater for future use requires critical planning. This is especially true for small barrier islands where, in most cases, groundwater could be the only freshwater resource. In this study, the combined effects of climate change, land-use changes, and increased groundwater pumping on freshwater resources of a barrier island were studied. A case study was completed using the field data available for Dauphin Island, a small barrier island located in Alabama, U.S., and by using the simulation data generated from multiple water-resourcemanagement models. Soil and Water Assessment Tool (SWAT) simulations provided recharge estimates under various future land use/land cover and climate-change scenarios. Downscaled global circulation model provided precipitation and temperature patterns for the period 2011-2030. The recharge estimates from SWAT were then used as input in a numerical groundwater model to evaluate saltwater-intrusion effects and forecast the changes in freshwater storage within the island aquifer system. Various groundwater-management scenarios were simulated using the MODFLOW-family computer code SEAWAT to assess the sensitivity of the groundwater system to increased pumping rates and decreased recharge due to climate change and/or future developments. SEAWAT was used to predict the lateral saltwaterintrusion effects and its impacts on groundwater quality and freshwater volume. The simulation results show that the saltwater wedge would advance laterally under all future climate-change scenarios. These results indicate that the shallow unconfined aquifer might not be able to sustain any significant future population growth, especially under adverse climate-change conditions. Analysis of changes in the volume of freshwater lens provided a broader understanding of the coupled effects of climatic and anthropogenic changes on freshwater storage and this information can be used to better manage Dauphin Island's unconfined groundwater system.
Introduction
Coastal areas around the world are under immense development pressure due to rapid urban growth, population increase, and many other environmental stresses, including contamination of water resources, drought, surge, and sea-level rise. All these issues further aggravate the saltwater-intrusion problem in coastal aquifers, which poses one of the most serious threats to coastal freshwater resources (Andersen et al. 1988; Barlow and Reichard 2010; Custodio and Bruggeman 1987; Dausman and Langevin 2005; Green et al. 2011; Lacombe and Carleton 1992; Praveena and Aris 2010) . In recent years, anthropogenic activities have led to increased water demand or reduced recharge on groundwater systems and this has raised several serious concerns about the sustainability of these resources. For example, a detailed study completed by Masterson (2004) modeled a complex groundwater system in Cape Cod, Massachusetts, where the area overlying the aquifer has undergone considerable development. Results of the study indicated that the freshwater/ saltwater interface could rise with time due to increased pumping. Zhang and Schilling (2006) investigated patterns of water-table fluctuation between grass-and no-grass-covered region in Iowa. The comparison between the two sites showed that water table was lower and had less response to rainfall in grass-covered regions than in nongrass regions. The reduction in groundwater recharge to the water table in grass-covered regions was due to increased evapotranspiration. Comte et al. (2010) reported that uptake by roots can have a significant effect on the magnitude of groundwater recharge to freshwater lens present in small islands. Scanlon et al. (2005) completed a study at a site in the Southwestern region of United States to test a hypothesis that land use and land cover (LU/LC) changes induced by the conversion of a natural rangeland into an agricultural ecosystem will affect groundwater recharge and chloride mass balance. Their study concluded that conversion of rangeland to dryland agriculture increased recharge and can potentially degrade groundwater quality by mobilizing the solutes accumulated in the unsaturated zone. These results imply that future states of LU/LC patterns and their potential impacts should be considered while developing sustainable water-resourcemanagement plans.
Climate change is another important factor that has the potential to significantly impact coastal groundwater resources. Since the mid-twentieth century, carbon dioxide levels in the atmosphere have been rising steadily (IPCC 2007) . If this trend continues, it is highly likely that the global and local climate characteristics will be significantly altered. The climate-change effects induced by this trend would likely have large effects on the hydrologic cycles that 1 Senior Researcher, Korea Institute of Civil Engineering and Building Technology, Goyang-Si, Gyeonggi-Do 10223, Republic of Korea (corresponding author). E-mail: chang@kict.re.kr control weather patterns. Climate change can cause increases in temperature, which in turn would affect evapotranspiration, soil moisture, and precipitation patterns. While increased temperatures would likely lead to increase in precipitation at the global scale, it may result in either increase or decrease in rainfall at the local scale, depending on the local climatic conditions and topography (Ranjan et al. 2006) . Numerous studies have been carried out to assess the impacts of global climate change on fresh groundwater resources. Ranjan et al. (2006) used the high-and low-emission scenarios from the Hadley Centre's climate model to predict the changes in climate and its impacts on groundwater systems at five locations around the world. All but one scenario showed diminishing fresh groundwater resources. International Panel on Climate Change (IPCC) model predictions have indicated that more frequent and severe droughts are expected to occur in the future (IPCC 2007) . These droughts would not only decrease groundwater recharge, but they can also decrease water storage in surface reservoirs, which could lead to increased demand for groundwater. This scenario was studied by Mollema et al. (2010) for Terceira Island in Portugal. The water demands of this island are currently met by rain-fed springs, and the study showed that with increased droughts they may have to start exploiting the freshwater lens that underlies the island.
Numerous modeling studies have been used to predict the vulnerability of freshwater resources of groundwater under future climate-change scenarios (Masterson and Garabedian 2007; Oude Essink et al. 2010; Ranjan et al. 2006; Rozell and Wong 2010; Sherif and Singh 1999; Sulzbacher et al. 2012; Yu 2010) . For example, Ranjan et al. (2006) developed a sharp interface model to assess the long-term behavior of several coastal aquifers and found that the relationship between aridity index and fresh groundwater loss exhibited a strong negative correlation. Many studies have used simple sharp interface modeling techniques to predict the long-term behavior of groundwater systems. A few studies have used quasi-steady-state, density-dependent flow models to simulate future climate-change scenarios. For example, in a study involving a cross-sectional model of Shelter Island, New York, conducted by Rozell and Wong (2010) , the authors investigated two future climate scenarios: (1) a 15% increase in precipitation, and (2) a 2% precipitation decrease followed by a sea-level rise of 0.61 m. They reported that the volume of groundwater would remain relatively intact even when the system is impacted by sea-level rise and drought. Liu et al. (2008) completed a flowbudget analysis for the groundwater resources in Fort Morgan Peninsula in Alabama, USA, using the following two climatechange scenarios: (1) a 25% decrease in recharge and (2) a 25% increase in pumping. Their results suggested that saltwaterintrusion effects would be severe under both scenarios. Praveena and Aris (2009) developed a 5-month simulation model for a groundwater aquifer in Manukan Island, Malaysia, to assess the response to changes in recharge and pumping rates. Their simulation results indicated that a reduction in pumping with an increase in recharge rate would lead to decrease in chloride concentrations within the aquifer. Another modeling study for the Manukan aquifer was completed by Praveena et al. (2012) who simulated 12 pumping stress periods, equaling 1 year of simulation time. Their results showed that the Manukan aquifer is currently over pumped, and the authors recommended that a 25% reduction in pumping and artificial recharge should be implemented for sustainable groundwater management.
In the published literature, very few studies have considered the combined impacts of natural and anthropogenic changes on groundwater aquifers over an extended period. Dams et al. (2008) used MODFLOW-based tools to implement stochastic variations in four future land-use scenarios for the 2000-2020 period to assess the impacts of land-use changes on groundwater recharge in Kleine Nete Basin, Belgium. They simulated changes in groundwater after ignoring density effects. Sulzbacher et al. (2012) considered density effects on a groundwater-management problem using a finiteelement, density-dependent flow model. They used Finite Element subsurface FLOW system to study the impact of sea-level rise on freshwater lenses of the North Sea Island of Borkum. The climate scenarios were allowed to vary seasonally; however, land-use changes were not considered in this study. For the German North Sea coastal areas, annual precipitation levels were decreased by 5% in summer and then increased by 25% in winter until the year 2011. These simulation scenarios were built based on the IPCC A2 emission data set.
The objective of this study is to complete a comprehensive water-management study to investigate the long-term changes in fresh groundwater recourses in Dauphin Island, Alabama, a barrier island located in the Gulf of Mexico. Downscaled global circulation model (GCM) outputs were used to run a watershed-scale model to estimate the recharge patterns under current conditions, as well as under various future LU/LC and climate-change conditions. The impacts of various anthropogenic activities (such as changes in pumping rates and land-use patterns), as well as the changes in recharge rates induced by the climate-change effects, were incorporated into five different scenarios to predict the long-term impacts of saltwater intrusion on the island. The model was also used to predict the volumetric changes in the freshwater storage within the shallow unconfined aquifer system. According to the knowledge of the study authors, this is the first modeling study that integrates the results of large watershed-scale simulations [using the Soil and Water Assessment Tool (SWAT) model] with a detailed saltwater-intrusion model (using the SEAWAT model) to explore the impacts of climate change and urban developments on a coastal groundwater system.
Site Description
Dauphin Island is a small barrier island located about 6.5 km off the coast of Mobile County, Alabama, between the Mississippi Sound and Gulf of Mexico (Chandler and Moore 1983) . Dauphin Island is part of the Alabama-Louisiana barrier island chain [ Fig. 1(a) ]. The island is shaped like an oval at the east end with a thin strip of land coming off the oval to make up the west end. The east-end oval is about 2.4 km wide at its widest part, and is about 4.8 km long. The thin strip of land that makes up the west end is about 19 km long and 0.8 km wide [ Fig. 1(b) ]. Longshore drifts, which control sediment transport along the coast, are likely responsible for the formation of this long, thin sandy-spit extension on the west end of the island (Chandler and Moore 1983) . The island's morphology is constantly changing as a result of coastal winds, tides, and currents. The shoreline of the island has varied greatly throughout history, mostly due to longshore drifts and hurricanes. For example, the shoreline of the western most 8 km region of Dauphin Island was completely destroyed when the island was severely impacted by a storm in 1917 (Morton et al. 2004 ). More recently, Hurricane Katrina caused a mile-long breach in the island landform, resulting from approximately 2 m of overwash flow during the storm event (Fritz et al. 2007 ). This research effort focuses on a study area at the east-end oval of the island, and includes 0.8 km length of thin westended peninsula. The boundary of the study area is delineated by the dotted line shown in Fig. 1(b) .
One of the main sources of Dauphin Island's freshwater is a shallow water-table aquifer (WTA) underlying the barrier island.
Precipitation that does not reach WTA is primarily lost to the atmosphere as evaporation and transpiration. Other losses from the aquifer occur through diffusion of groundwater into the surrounding saltwater region, and through direct pumping (Chandler and Moore 1983) . The island's shallow aquifer consists of a thin layer of Holocene sand, which is underlain by a Pleistocene unit known as the Gulfport Formation (Otvos and Giardino 2004) . The WTA is approximately 8-13 m thick and composed of fine to coarse grain sand with a thick layer of marine clay at the base. The clay layer separates the WTA from a shallow sand aquifer (SSA), which occurs at about 21 m below the ground level; the SSA unit is composed of very fine to very coarse sand. The WTA and SSA are potential sources of freshwater within the island. There are eight shallow wells located within WTA, and two additional wells are located within SSA (O'Donnell , Baseline assessment report 2005 for Dauphin island water and sewer authority's public water supply wells, unpublished consulting report, 2005).
Dauphin Island is mainly a residential community with a small commercial development. Kidd (1988) reported that the water demand on Dauphin Island was about 1,135 m 3 =day (0.3 million gal.=day) in 1984. Local groundwater has been used by Dauphin Island residents (Liu et al. 2008 ) and the total pumping rate from eight shallow wells and one deep well was estimated to be 2,650 m 3 =day. Because of the large influx of tourists during summer seasons, there are peaks in water demand throughout the year. Previous studies completed near this area have primarily focused on vulnerability of nearby counties to saltwater-intrusion effects (Kidd 1988; Lin et al. 2009; Liu et al. 2008; Murgulet and Tick 2008) . Murgulet and Tick (2008) , for example, mapped saltwater regions in Baldwin and Mobile counties and noted that in several areas surface infiltration of seawater has resulted in saltwater contamination of upper regions of unconfined aquifer formations. Lin et al. (2009) studied the impacts of pumping on the overall saltwater-intrusion problem within the Gulf Coast region. The study included a 40-year predictive simulation run, which illustrated the potential for a large amount of saltwater intrusion if the groundwater was pumped at levels exceeding their 1996 pumping rates.
Model Description
Recharge Estimation Using SWAT Temporal changes in recharge for Dauphin Island were computed using the SWAT (Neitsch et al. 2005) , which is a continuous-time watershed-simulation model widely used for assessing the effects of land-management practices and climate on complex watersheds (Arnold et al. 1996) . The model requires topography, geology, soil, and LU/LC-related input parameters, in addition to climatic data. SWAT's LU/LC classes were used as the LU/LC data source (Table 1) . Soil parameters were derived from the Soil Survey Geographic database. A 10-m digital elevation model downloaded from the USGS Seamless database was used to delineate the small surficial subwatersheds and to compute the topographic parameters. Climate data were obtained from the nearby Mobile Airport climate station. One of the model outputs that SWAT can produce is groundwater recharge. Recharge in this study was assumed to be spatially uniform because the island is small; however, the recharge rate was allowed to vary with time.
In field applications, SWAT parameters are typically fine-tuned using observed streamflow data, but there are no streamflow data available for Dauphin Island. Fortunately, the SWAT model has been successfully calibrated and used at several coastal Alabama watersheds that are located very close to Dauphin Island (Singh et al. 2011; Wang and Kalin 2011; Niraula et al. 2012; Wang et al. 2014) . Recently, for example, SWAT was successfully calibrated and used in the nearby Wolf Bay watershed (Wang and Kalin 2011; Wang et al. 2014) , which has similar hydrological characteristics as Dauphin Island. The published model was extended to make predictions for Dauphin Island, which is located about 40 km to the west from this watershed. As shown in Wang and Kalin (2011) , SWAT has good transferability with this region. Therefore, the calibrated model parameters from the Wolf Bay watershed model were adapted to Dauphin Island to estimate various SWAT parameters. Recharge values for the years 2010-2030 were generated by running the SWAT model with future precipitation and temperature estimates. To account for the uncertainties associated in climate predictions, outputs from four GCMs were used, including GFDL_ cm2_0 (Delworth et al. 2006) , GISS_model_ (Russell et al. 2000) , NCAR_ccsm3_0 (Collins et al. 2006) , and UKMO_hadcm3 (Gordon et al. 2000) , for three types of greenhouse-gas-emission scenarios (A2, A1B, and B1) to obtain monthly precipitation and temperature estimates (Wang et al. 2014) . Spatially downscaled monthly rainfall and surface-air-temperature data (available at: http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections/) were further downscaled to daily scale (required time scale to run SWAT) estimates as described in Wang et al. (2014) . It should be noted that CMIP3 was the only available data set and that the data used in this study are bias corrected and spatially downscaled by Maurer et al. (2007) to a finer spatial resolution (downscaled to one-eighth degree resolution). To test the effect of extreme climatic conditions and calculate recharge, a dry future climate was simulated using SWAT by choosing the highest temperature and lowest precipitation for each month. To mimic a wet future climate, the estimates that had the lowest temperature and highest precipitation values for each month were used in SWAT calculations. The selection was similar to plotting the ensemble of precipitation and temperature predictions and then picking the lower and upper bounds. Table 1 summarizes the status of the island under various stages of development, and also shows the forested and wetland areas. Based on the 2001 LU/LC data, the study area consisted of 63.7% residential area, 25.2% forested land, and 5.1% wetlands. However, due to future residential developments, there is a potential for increase in residential density, which would increase the level of imperviousness.
Modeling of Saltwater-Intrusion Effects Using SEAWAT
In this study, both steady-state and transient simulations were conducted. The three-dimensional finite-difference code SEAWAT was used for this purpose (Guo and Langevin 2002) . SEAWAT was developed by combining MODFLOW (Harbaugh et al. 2000) and MT3DMS (Zheng and Wang 1998) into a package that can calculate density-dependent flow coupled with groundwater flow and solute-transport processes. SEAWAT is a widely used public domain simulation tool used to investigate saltwater-intrusion dynamics at this field-site scale (Chang et al. 2011; Clement 2012, 2013; Masterson and Garabedian 2007; Werner and Simmons 2009) .
The Dauphin Island model consisted of 126 columns, 78 rows, and 15 layers with a uniform grid size of 50 m. Fig. 2 shows the plan and sectional views of the numerical model representing the island. During preliminary simulations, a convergence test was conducted to determine the optimal grid size for the domain. In the numerical model, the top 10 layers represent the sandy WTA. Layers 11-15 represent the underlying confining clay unit. The bottom elevation of Layer 15 is assumed to be horizontal. The clayconfining layer was estimated to be at about 21 m below the mean sea level, and hence this level was used as the bottom elevation of Layer 15. The depths of various layers were allowed to vary. This construction was used because during preliminary simulation runs the bottom of the freshwater-saltwater interface fluctuated between the last layer of sandy unit (Layer 10), and the top two layers of the clay unit (Layers 11 and 12). By making the top two layers of the clay unit thinner, a better resolution of the bottom interface position was obtained. The hydraulic conductivity was assumed to be uniform in each layer. Aquifer tests and drilling logs indicate that the aquifer properties are fairly uniform across the island, which matches the geologic description of a well-sorted sand (Kidd 1988) . The hydraulic conductivity values used for the clay-confining layer were within the generally accepted range for clay (Fetter 2001) . For the top unconfined layer, the assigned value of specific yield, S y , was 0.1, which was reported by O'Donnell (unpublished consulting report, 2005). The assigned value of S s was 0.00033 m −1 for Layers 1-12 and 0.003 m −1 for Layers 13-15, respectively. Porosity was set to 0.3 for all the layers. Two notable surface water bodies within the model domain are Alligator Lake and Oleander Pond, which are located on the Southeastern shore of the island. These surface water bodies were modeled by assigning S y and porosity value to be 1. Laboratory studies have shown that the dispersion has negligible effects on saltwater-freshwater mixing effects (Abarca and Clement 2009; Chang and Clement 2012; Goswami and Clement 2007) . Therefore, in this study, the impact of dispersion was minimized by setting small values for diffusion/ dispersion parameters. This approach has also been commonly used in other field-scale saltwater-intrusion models (Masterson and Garabedian 2007) . The concentration of the saltwater was set to 35 kg=m 3 . The values of saltwater and freshwater densities were 1,000 and 1,025 kg=m 3 , respectively. Table 2 summarizes the values of the model parameters used in this study.
In the model, all eight shallow wells were assumed to be have been installed and started to operate from 1990. The well locations and pumping rates for the shallow wells were obtained from the Dauphin Island Water and Sewer Authority (DIWSA) records. For the years after 2010, which were deemed as the future years in this study, the average pumping rates from the previous years were used to simulate the baseline pumping conditions.
Prepumping Study Using Steady-State SEAWAT Simulations
In the model calibration step, the transient groundwater-level data and ion-concentration data collected from 40 monitoring wells for the period between 1984 and 1986 were used (Kidd 1988) . Recharge was grouped as seasonal distribution. Fig. 3 compares the observed groundwater monitoring data obtained from Kidd's study with the results obtained from the current numerical model. The monitoring wells, Well Number 1, Number 24, and Number 30, for which detailed groundwater level data were available, were used for model calibration of the steady-state model. As shown in Fig. 3(a) , model-simulated water levels matched well with the data reported in Kidd's report. Although some of the model results missed predicting the highest peak (due to the use of seasonally averaged recharge data), the overall model results captured the general trend well. The field-observed data also matched well with SEAWAT model simulations when recharge was set to be 26% of the precipitation within the modeling domain. Interestingly, the recharge estimated by SWAT for the 1990-2010 period is consistent with this estimate and is also close to 26% of total precipitation. In the sensitivity test, recharge was increased to 30% of precipitation and the results are compared with observations in the same Fig. 3(a) . Well Number 30 data showed better match with increased recharge, whereas Well Number 24 did not. Because National Land Cover Database (NCLD) 2011 was used in this study, recharge in the 1980s is assumed to be slightly larger compared with the current land-use environment.
In addition to comparing water levels, simulated concentration levels were also compared with the data available for the test wells reported in Kidd's study. The ion-concentration levels were monitored for a very limited time, during March or May in 1986. A standard for chloride level in drinking water is set at 250 mg=L, as suggested by National Secondary Drinking Water Regulations. This value corresponds to 1.2% of saline concentration set at the seawater boundary in this modeling study. Fig. 3(b) shows that most of the inland monitoring was safe from saltwater intrusion. The graph uses log scale because concentration levels in most of the inland wells were below drinking-level standards and they were much lower than the seawater concentration. The data show some discrepancy for the chloride concentration levels observed near the eastern end of the island; however, most of these discrepancies are minor and are due to sharp changes in ion-concentration levels inside the modeling grids.
Historic Scenario Study Using Transient Simulation: Analysis of Historical Record from 1990 to 2010
A general transient model was developed to simulate climate data from 1990 (predevelopment condition) to 2010 using the recharge data estimated by SWAT and pumping data. The simulated head distribution and salinity distribution of steady-state predevelopment model were used as the initial condition for all transient SEAWAT modeling runs. The first four shallow wells simulated in this scenario were installed and started to pump from 1990. These wells are identified as Well Number 10, Well Number 20, Well Number 30, and Well Number 40. In 1992, four more shallow wells were added to this system when local authorities installed Well Number 50, Well Number 60, Well Number 70, and Well Number 80. These wells extended about 10.7 m into the ground. When the four additional wells were added in 1992, the total pumping for the eight shallow wells and one deep well was 2 m 3 =min or about 2,650 m 3 =day. The deep well was located in a deep sand unit. It was hydraulically disconnected from shallow WTA. The effects of this deep well were not considered here because the objectives of this study were to investigate the WTA. To assign pumping rates to various simulation times, the simulation period was divided into six periods. The first period represented the 1990-1994 timeframe. This is the period in which only the first four shallow wells (Well Numbers 10, 20, 30, and 40) were pumping. The pumping rates used for this period were average pumping rates as estimated from the DIWSA data set. In 1994, the other four wells (Well Numbers 50, 60, 70, and 80) came on line. For the period between 1994 and August 2000, the same averages that were previously used for 1990-1994 were used. The first set of pumping data started in September 2000. Therefore, from September 2000 to August 2002, the known pumping values were used. To reduce the number of stress periods in the model, which will help reduce computational time, similar consecutive pumping rates were grouped together and averaged. Using this method for September 2000-August 2002, the number of stress periods for this time span was reduced from 24 to 8. For the period between September 2002 and September 2008, the average values from 1990 to 2000 were used. Pumping data were also obtained from DIWSA for the months between October 2008 and December 2010. Similar consecutive pumping rates were grouped for this period too to reduce the number of stress periods. This reduced the number of stress periods for this period from 27 to 19. For the years after 2010, which are deemed the future years in this study, average values from previous years of pumping were used. Pumping schemes used for other scenarios will be discussed in the following scenario-simulation studies. Freshwater recharge was calculated based on historical precipitation data available for Dauphin Island. Simulated heads and interface positions obtained from SEAWAT at the end of the 20 years of historical simulation were used as initial conditions in all five scenario-simulation studies that started from 2011. Fig. 4 illustrates two perspectives of the initial conditions in 1990 used in the three-dimensional model. The initial conditions show the predevelopment head and salinity distribution. It should be noted that this initial condition was also used in the calibration exercise to match Kidd's (1988) data set. Fig. 4(a) shows a threedimensional salinity distribution. The black indicates saltwater, the white indicates freshwater, and the gray in between indicate the mixed water. The Dauphin Island aquifer is a relatively shallow unconfined system where the freshwater lenses overlie denser saltwater. As shown in Fig. 4 , the main lens was relatively flat along the bottom. In coastal aquifers, saltwater can intrude upward from deeper saline zones, but intrusion can also occur laterally from the ocean (Barlow and Reichard 2010) . To understand the intrusion patterns in detail, a sectional view of the saline-concentration profile was shown across the plane A-A′. To determine the position of the freshwater-saltwater interface bottom, a sectional cut in the model at Column 87 was selected, and the flat interface for the large lens, as well as smaller curve-shaped interface (the sub lens), can be observed in this sectional cut [ Fig. 4(b) ]. The main lens shape is bounded by the confining layer at the bottom of the model boundary. The lateral movement without vertical uplift is explained by the influence of the marine clay unit that restricted further movement at the bottom of the aquifer. The velocity vectors shown in the figure point transport toward the center of island. This behavior is also observed in other coastal islands, such as the Shelter Island aquifer reported by Rozell and Wong (2010) , where a confining layer impacted the shape of the saltwater wedge.
Scenario-Simulation Studies: Analysis of Five Scenarios from 2011 to 2030
The historic scenario discussed earlier was extended to explore the impacts of anthropogenic factors (LU/LC and pumping rate) and climatic factors (dry climate and wet climate) using five distinct scenarios for the period from 2011 to 2030. For all five scenarios, boundary conditions and other model parameters used were identical to those used in the historic scenario simulation.
Scenario 1 (Baseline scenario): The first scenario was a baseline scenario, which was used for modeling the groundwater situation with no changes from the current condition for the future period from 2011 to 2030. The recharge patterns were assumed to remain constant; the average seasonal recharge value was extracted from the values used for 1990-2010. This seasonally repeated recharge data are not the forecasted data, but they are the baseline data. Pumping values were held constant in the baseline scenario.
Scenario 2 (LU/LC change): This scenario explored the effects of LU/LC change induced by intensified urban development. This scenario was designed to capture the largest possible changes in groundwater resources in response to LU/LC changes. The current LU/LC conditions derived from the National Land Cover Database 2001 (Homer et al. 2007 ) and the expected changes in LU/LC in the future are presented in Table 1 . It was assumed that low-intensity developments will become medium-intensity developments and medium-intensity developments will become high-intensity developments. It was also assumed that 50% of the existing forested areas will be converted to low-intensity development areas. Remaining LU/LC classes were assumed to be unchanged. In this case, the average of the dry-climate-change and wet-climate-change estimates was used. Pumping levels were held constant.
Scenario 3 (dry climate + LU/LC change): The third scenario explored the impacts of dry-climate change in addition to LU/ LC change from Scenario 2. A dry-climate-recharge scenario was predicted by SWAT based on GCM predictions using assumed LU/LC changes. The recharge values obtained using the dry-climate predictions were used as the recharge input for the SEAWAT simulation. Pumping levels were held constant.
Scenario 4 (wet climate + LU/LC change): The fourth scenario was identical to the third scenario with the exception that instead of using the dry-climate-change scenario a wet-climate-change scenario was used to obtain recharge predictions. Pumping levels were held constant. Scenario 5 (dry climate + LU/LC change + pumping increase): The fifth scenario simulated the combined effects of the dryclimate-change scenario and LU/LC change, with the addition of increased pumping for the period from 2011 to 2030. Scenario 5 can be considered as the worst-case scenario. The increased pumping rate was applied only to the worst-case scenario. The increasing pumping rate in Scenario 5 is a hypothetical rate modeled based on population-growth patterns. With increase in population an increase in pumping rate can be expected. The increased pumping scenario mimicked the excess groundwater demand due to the expected population growth on the island. The population of Dauphin Island has been steadily increasing over the past 20 years, at a rate of 2.5% every year. Assuming this relationship is also applicable for freshwater demand, the pumping rates were increased by 2.5% each year for each well starting in 2011.
Temporal Rates of Recharge and Pumping for All of the Scenarios Fig. 5 shows the time series of the recharge rates produced by SWAT for the period from 2011 to 2030 based on the five different scenarios described earlier. Pumping data are also included in these figures. The 20-year predictions consist of two different periods based on calculation methods used in all scenarios, except for Scenario 1. Recharge from 2011 to 2015 repeats the seasonal pattern created by averaging the monthly data from 2015 to 2030. After 2016, prediction of climate change (wet/dry) resulted in irregular recharge patterns during the next 15 years. Seasonal averages of the historical recharge simulations from 1990 to 2010 were used to represent the seasonal variations for the baseline simulation only in Scenario 1 [ Fig. 5(a) ]. This approach provided an important baseline that is later used for intercomparing the scenarios. When Scenario 2 was simulated, the recharge variation accounted for changes in effective recharge rates due to changes in LU/LC conditions [ Fig. 5(b) ]. Recharge data included in Scenario 2 are high peaks, which are double the values of base case for the years 2018 and 2025, and low peaks that approach zero in 2020 and 2028. The Scenario 3 recharge pattern reflected the effect of dry-climate scenario with LU/LC changes [ Fig. 5(c) ]. Scenario 4 incorporated the wet-climate scenario. Fig. 5(d) shows that most of the recharge values are higher than the dry-climate-scenario values; specifically, the peak values are much higher than those found in the dry-climate patterns. Scenario 5 uses the same recharge pattern as Scenario 3, which was simulated by using the same dry climate and incorporating LU/LC changes. However, this scenario also included a 2.5% annual increase in water demand, and hence the pumping rate was increased from 0.98 × 10 9 ft 3 =month in 2011 to 1.57 × Results: Predicted Groundwater-Flow Conditions in the Dauphin Island Aquifer Fig. 6 shows the plan view of head contours and salinity concentration at Layer 9 (depth of −13.1 m below mean sea level) at the end of the simulation period (2030). Layer 9 was chosen to detect the lateral intrusion of saltwater. In the figure, lines and color floods (gray scale) represent contours of heads and salinity levels, respectively. The simulated groundwater elevation profile is plotted for each scenario. When compared with the baseline scenario [ Fig. 6(a) ], the results of the SEAWAT simulations show decreases in the average groundwater levels for all four other scenarios. The lowest head profile was obtained for Scenario 5, indicating that the maximum decrease (of more than 0.6 m drop at some locations) would occur around the pumping wells. The simulation results indicated that the area of the freshwater flow domain was decreased due to saltwater intrusion, specifically near the west and at the northeastern regions of the island.
To quantify the long-term effects on saltwater intrusion, the system was allowed to evolve for 20 years under all five scenarios. The 50% isochlors of the saltwater-wedge profiles on the south-north sectional view, A-A′ section, were plotted for the year 2030 (Fig. 7) . This figure uses a vertically exaggerated scale. All five scenarios are presented in the figure for comparison purposes. The figure shows two types of saltwater-intrusion effects. In the larger main lens, the saltwater moved laterally inward. Initially, the salt wedge was located at a distance of 1,450 m from the left (sea) boundary in 2011. The aquifer had very little saltwater intrusion under Scenario 1, indicating that the current recharge and pumping conditions have very little impact on the location of the steady-state wedge. However, the results show that saltwater intrusion advanced laterally by 31.4 m into the aquifer under Scenario 2. Inclusion of dryclimate change (Scenario 3) caused the saltwater to further advance into the freshwater aquifer by about 20 m. Adding the increased pumping rates, assumed under Scenario 5, caused the saltwater to move an additional 26.8 m. These results indicate that the shallow WTA will not be able to sustain any significant population growth over the long term without water-conservation measures and perhaps development of alternative sources such as rainwater collection or desalination systems is necessary. Vertical saltwater intrusion was observed in the smaller, subfreshwater lens. The lowest point on the wedge profile in 2011 was initially located around −10.9 m below mean sea level at 3,048 m from the left of the island. As saltwater intrusion occurred, the wedge lifted upward by -0.1, 1.1, 2.0, 0.6, and 2.0 m for Scenarios 1, 2, 3, 4, and 5, respectively. The profiles simulated for Scenarios 3 and 5 were identical. This indicates that the movement of the sublens is only influenced by climate-change factors and the smaller lens might not be affected by pumping effects. Because saltwater is located between the sublens and main lens as seen in Fig. 4 , this saltwater could act like a barrier to lessen the direct impact of well pumping occurring at the main lens. Fig. 8 shows the temporal variations in saltwater intrusion from 2011 to 2030 at the toe of the saltwater wedge. The toe position of the saltwater wedge (X T ) was chosen as an indicator of the changes in the main freshwater lens. As already illustrated in Fig. 7 , the simulated profile shows that the toe position, X T , is located at 1,451 m laterally from the left boundary and 13.3 m vertically below sea level. Because only lateral movement occurred in the main freshwater lens, the lateral position of X T is discussed here. In Scenario 1 (base case), the temporal variation of X T was relatively small for the simulation period and no significant seasonal variations were observed. Scenario 2 caused the X T to increase linearly without any significant seasonal effects. Note that saltwaterintrusion effects had not stabilized by the end of the simulation period. This implies that saltwater intrusion could be significant even when current pumping rates are maintained without any climate-change effects. The rate of intrusion was steeper when the future-climate scenario was applied. Scenario 3 predicted that the profiles would begin to diverge after 2015. It should be noted that the rate of intrusion simulated by SEAWAT was sensitive to the recharge data predicted by SWAT. It should also be noted that Scenario 5 incorporated the same dry-climate condition as Scenario 3. As a result, variations of X T for Scenario 5 were similar to those observed for Scenario 3, and the increase in pumping stresses generated additional saltwater-intrusion effects. Unlike other scenarios, the wet-climate-change effects assumed under Scenario 4 partially reversed the saltwater-wedge location around the middle of the 20-year simulation period.
Results: Volumetric Analysis on Freshwater Resources
An alternate approach to evaluate the effects of each of the simulation scenario is to quantify the results by calculating the total volume of freshwater contained in the aquifer at the end of the simulation period. This assessment of the static volume of freshwater is a useful approach to estimate the available water resources. Table 3 shows the simulation results based on both 50 and 10% of salinewater boundary to delineate the freshwater-saltwater boundary. The table summarizes two input data, namely, accumulated volumes of recharge and pumping, which are the sums of the monthly data for the 20 years previously shown in Fig. 5 . The output data were represented by the static volume of freshwater available in 2030. This analysis only captured the portion of the subsurface freshwater volume that is stored below the sea level. The analysis of freshwater above sea level is not as important for this study because its volumetric budget will be influenced more by short-term changes in rainfall events rather than the long-term climate-change effects. Moreover, in an island system, the bulk freshwater storage above the sea level is directly coupled to storage below the sea level. The freshwater storage below the sea level was estimated using two different calculation methods, which depended on the definition of the word freshwater. In various columns of Table 3 , freshwater is defined as the water that contains salinity less than 17.5 kg=m 3 (50% salinity level), 3.5 kg=m 3 (10% salinity level), and 0.42 kg=m 3 (1.2% salinity level), respectively. The 1.2% salinity level is considered the drinking-water secondary standard for chloride, which is equal to 250 mg=L in the United States. Based on these definitions, the first column in the table is the calculated total volume of subsurface freshwater when freshwater is defined as water with salt concentration less than 17.5 kg=m 3 . This was calculated from model output as a sum of applicable cell volumes multiplied by the porosity value of 0.3. Because the saltwater wedge is generally delineated by 50% saltwater concentration, this volumetric estimate can be viewed as a surrogate measure to quantify the position of steady-state saltwater wedge. The second output column in Table 3 is the total amount of subsurface freshwater for each scenario in 2030 with salinity less than 10% of saltwater concentration. This comparison method is more realistic because the general drinking standard for salinity is less than 10% of the total salt concentration of seawater. In the table, the volume of freshwater produced under Scenario 1 in 2030 is approximately 2.97 × 10 7 m 3 using the 50% delineation. Based on the 10% and 1.2% saline-concentration definition, the freshwater volume decreased to 2.79 × 10 7 and 2.69 × 10 7 m 3 , respectively. These three volumetric estimates provide baseline-level estimates for comparison with other scenarios. Estimated freshwater volume based on the 1.2% of delineation was about 9-11% lower than the 50% estimate. These ratios were similar in all the scenarios.
The percentage values represented in Table 3 provide a better understanding of the sensitivity of freshwater volume to both anthropogenic and climatic factors considered in the model. Based on the 1.2% salinity level, under Scenario 2, there was about 3.9% decrease in freshwater volume indicating that the available freshwater volume is sensitive to changes in LU/LC. Under Scenario 3, the volume of freshwater decreased by another 3.3% as compared with Scenario 2. However, in Scenario 4, the wet-climate factor predictions increased recharge and compensated for the impact of LU/LC change and the freshwater volume returned to the baseline level. The least favorable scenario was Scenario 5 in which the volumetric freshwater decreased by about 8.6% of the baseline amount. It should also be noted that increases in pumping levels decreased the freshwater volume by 1.5% as compared with Scenario 3. Further analyses indicated that the salt concentration will only increase by 0.27% for the base-case scenario, under current management and climate conditions.
Conclusions
Dauphin Island is a barrier island surrounded by brackish Mississippi Sound water to the north, and saline Gulf of Mexico water to the south, making it highly vulnerable to saltwaterintrusion effects. In this study, the combined effects of future climate and anthropogenic changes on Dauphin Island's groundwater system were studied. Five types of climate and land-use scenarios that modeled possible future LC/LU changes, climate changes, and population changes were used. The three-dimensional distribution of freshwater head and salt concentration levels was simulated using the SEAWAT code, and the temporal variations in recharge rates, used as inputs to SEAWAT, were simulated using the SWAT code. Spatial analysis of inland freshwater head indicated that all future scenarios, except the baseline scenario, resulted in decreased water-table levels. Simulation results also indicated moderate to severe saltwater intrusion under climate-change/anthropogenicdevelopment scenarios. The model results show that although the center of the freshwater resource remained intact, primarily due to the presence of an underlying confining layer, the saltwaterintrusion effects occurring through landward movement of the wedge might result in considerable reductions in freshwater.
This research effort provides an important example to illustrate the combined use of a watershed-scale model and a groundwater model to study an important groundwater-management problem. A major contribution of this study is to use SWAT and SEAWAT codes simultaneously for simulating saltwater-intrusion scenarios for a realistic field site. Previous studies have failed to explore such combined effects; for example, Dams et al. (2008) investigated only the impact of land-use change on a catchment-scale groundwater system; Sulzbacher et al. (2012) developed a field-scale densitydependent flow model to primarily study the changes in groundwater levels and concentrations. The current study was able to integrate the advantages of both aspects of these studies by using SWAT and SEAWAT codes. The second contribution of this study is the development of a fully three-dimensional volumetric analysis based on numerical-model results. Using this volumetric approach, it was possible to intercompare the changes in freshwater storage evaluated from the results of a diverse set of numerical simulations. It is important to note that sea-level rise and the associated coastal flooding and marine transgression effects were assumed to be secondary effects, and hence were not considered in this study. Chang et al. (2011) showed that groundwater fluxes (both regional and recharge fluxes) are important parameters that control the dynamics of salt-wedge movement in coastal aquifer. Direct inundation due to sea-level rise or storm surges would further decrease freshwater storage in coastal systems and these scenarios were not considered in this study. Further studies are needed to explore these scenarios. Sensitivity studies are also needed to understand the uncertainties in both temporal and spatial profiles of the saltwater wedge caused by topographical changes, marine transgression effects, and subsurface heterogeneities. The knowledge gained from such studies can be used to develop better water-management practices for barrier islands.
